Raising progesterone concentrations in young adult mice by subcutaneous implants resulted in ovulation being blocked and the cessation of oestrous cycles. The effect of this treatment on the numbers and dynamics of preantral follicles during 36 days of treatment was studied using a compartmental model to analyse differential follicle counts. Changes in growth and/or death rates were detected at all stages of follicular development. An increased rate of growth through preantral stages was predicted in the treatment group when compared with the controls, but most of these follicles did not reach the antral stage of development as an increased death rate was observed at large preantral stages (stage IV). Antral follicles were formed in the treatment group, but all succumbed to atresia. Increased atresia in the antral population of follicles in the treatment group was observed directly.
Introduction
The suppression of ovulation when conditions for conception are physiologically unfavourable, as occurs, for example, during pregnancy, lactation and seasonal food/water shortages, is presumably advantageous, since it is almost universal in mammals. However, the causes of ovulation inhibition and its effects on follicular growth and death are far from understood, despite extensive study. Anovulation during pregnancy is generally thought to depend on diminished pulsatile secretion of gonadotrophic hormones, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), which has been demonstrated in humans and in some animals (Linkie & Niswender, 1972; Murr et ai, 1974; Baird et ai, 1984; Jeffcoate, 1986) . Consequently, follicles are not expected to complete their maturation to Graafian stages (Richards, 1980) . In some species, Graafian follicles are absent during most of gestation whereas in others they may form, but undergo atresia rather than ovulate. Much attention has been paid to large follicles, but there is little information about the impact of anovulation on the dynamics of preantral follicles (Pedersen & Peters, 1971 ). Since these follicles constitute a reserve which limits the capacity for ovulation and the potential length of functional ovarian life, the dynamics of the preantral stages should be clarified during pregnancy and in other states in which ovulation is inhibited.
The present study estimated the rates of follicle growth and death in mice given progesterone implants to induce a state of anovulation. This approach was adopted because it was likely to produce a steady-state condition which would facilitate analysis, as opposed to the complex and changing physiological conditions of pregnancy and pseudopregnancy. The dynamics of preantral follicle growth and death were investigated using differential follicle counts, analysed using an established mathematical model (Faddy et ai, 1976 (Faddy et ai, , 1987 .
Materials and Methods
General procedures. Oestrous cycles of virgin female CBA/Ca mice were monitored by examining vaginal smears 6 days per week from 40-45 days of age until the mice were killed. Only those presenting three or more consecutive 4or 5-day cycles at the beginning of the study were used.
Hormonal implants were made from 1 cm lengths of sterile Silastic tubing (Dow Corning, USA) with an internal diameter of 1-9 mm. They were packed with crystalline progesterone (Sigma, London, UK) and sealed with silicone adhesive (Dow Corning, USA). The implants were incubated overnight in sterile saline at 37°C before being inserted subcutaneously in the nape region during tri-bromoethanol anaesthesia (0-63/kg, i.p. body weight). Since the effective life of the implants was~35^10 days, they were replaced every 30 days under brief anaesthesia.
The efficacy of treatment was tested in 24 animals which were divided randomly into three groups receiving at pro-oestrus either an empty implant or one or two hormonal implants. Blood specimens were obtained under anaesthesia by cardiac puncture after 16 days of treatment and the animals were killed by cervical dislocation before regaining consciousness. The ovaries and oviducts were dissected and examined microscopically ( 25) for corpora lutea, follicle stigmata and ovulated oocytes. The progesterone concentrations in the sera were analysed by radio¬ immunoassay of which the characteristics have been described elsewhere (Fraser, 1983) . On the basis of preliminary studies, one hormonal implant was shown to be sufficient to block ovulation for up to 30 days and was therefore chosen for subsequent experiments.
Numbers and dynamics offollicles. Thirty-five animals were given either a control implant (n = 6) or a hormonal implant (« = 29) at 55 days of age. Vaginal smears were obtained daily until autopsy, which ranged from 5 to 36 days later and occurred on the morning of pro-oestrus in control animals. Another group of animals («=11) was treated from the same ages with implants for up to 120 days along with seven control animals.
Implants were examined at autopsy to confirm that crystalline hormone remained. The ovaries were removed, fixed in aqueous Bouin's fluid and prepared as 7 pm serial sections stained with haematoxylin and eosin. Follicles with up to four granulosa cell layers were counted in every tenth section using the nucleolus of the oocyte as a marker; larger follicles were traced through every section. The total numbers of follicles per animal were estimated and assigned to stages of development (I-IV) using the classification of Mandi & Zuckerman (1951) . Large follicles with an enlarged extracellular space were subclassified according to whether the antrum was incipient (Via) or had formed (VIb). Follicles at stages V and VI were considered 'atretic' if they contained three or more pyknotic granulosa cells in the equatorial section.
The numbers of healthy and atretic follicles were compared in control and experimental animals at different ages. Since the data from animals with control implants and those from a detailed concurrent study of intact animals were similar (Faddy et al, 1987) , the latter set of data and the model derived from it were used as the primary bases for comparisons. The dynamics of follicle growth and death in preantral stages were estimated for the age range 55-91 days using a compartmental model (Faddy et al, 1976 ) and nonparametric regression analysis guided the fitting of the model (Faddy & Jones, 1988) . The Kruskal-Wallis analysis of variance of ranks was used to compare numbers of large follicles in treated and control animals.
Results

Efficacy of hormonal implants
Normal vaginal smear patterns stopped abruptly in the hormonal implant group whereas animals in the control group continued to present normal oestrous cycles. In the former group, smears became persistently dioestrous within 2 days of treatment and oviducal oocytes and hyperaemic corpora lutea were absent at post mortem. The animals appeared to remain healthy throughout the study. Plasma progesterone concentrations were 22 ± 4 ng/ml (mean + s.e.m.), these being significantly greater than controls, 10 + 3 ng/ml (P < 0001).
Numbers and dynamics of follicles
For animals aged 55-91 days, there were fewer (27-61%) follicles at stages II, III and IV in progesterone-treated animals than in normal controls (Fig. 1 ), whereas the numbers of stages I-V+ (stages V, Via and VIb were combined into a single stage V + , as in Faddy et al, 1987) were similar. These data therefore suggested that an existing model for normal animals is inadequate for describing the conditions of progesterone domination and anovulation (Faddy et Numbers of follicles at five stages of growth (I-V + , with V+ being a combination of V, Via and VIb) in CBA/Ca mice which received, at 55 days old, an implant containing progester¬ one to inhibit ovulation. The compartmental model (-) has been fitted to these data (see also Fig. 2 ), and the solid curves (-) describe age changes in the ovaries of normal animals. compartmental model was therefore fitted: this model compared well with the nonparametric re¬ gressions of the data the sum of squares for the data relative to the fitted model being only 7% greater than the sum of squares for the nonparametric regressions (Table 1) . The estimated growth and death rates for the model are shown in Fig. 2 , and the resulting fit to the data is demonstrated in Fig. 1 , which also shows the curves derived from modelling data obtained from normal CBA/Ca animals (Faddy et ai, 1987) . It is clear that these results for progesterone-treated animals differ substantially from those for normal animals. These differences could not be explained in terms of changed death rates alone, since fitting a model constrained to normal growth rates (Faddy et ai, 1987) resulted in a significantly (P < 001) poorer fit, and high estimated death rates at stages I-III which did not accord with morphological observations. There was no evidence of any age dependence in the growth and death rates during the study. Similarities as well as differences were observed in the models for control and treatment groups.
In both cases, the death rates among small follicles were negligible, but the rate of growth from stage I was significantly greater in treated animals (0-06 cf. 00051, < 0001). The rates of move¬ ment between stages II and IV were appreciably greater in these animals (P < 0001), as indicated by the abrupt fall in numbers. Since follicle development in anovulatory ovaries is not suspended, growing follicles die at some stage. Most deaths occurred at larger stages, particularly stage IV, which checks an otherwise large inflow into the antral population and a consequent expansion of ovarian mass. The rate of recruitment into stage V+ is reduced by a factor often from an average of~2 per day in normal animals. Table 1 shows the average numbers of follicles leaving and entering successive stages, for comparison with those for normal animals (Faddy et al., 1987) . The generally comparable numbers of stage V + follicles, asa whole, obscures complex differences within this heterogeneous group. The model cannot provide precise estimates of the dynamics at this stage (Fig. 2 ) and so inferences have been drawn directly from morphological evidence. Figure  3 shows the mean number of healthy and atretic follicles at stages V, Via and VIb in three groups of animals aged 60-100 days. The normal controls refer to those animals from a concurrent study published earlier (Faddy et ai, 1987) and are shown here to demonstrate that the results for shamoperated controls and the other controls are virtually identical. The mean number of large follicles in each of stages V, Via and VIb of antral development were not significantly different in control and treated animals (Fig. 3) , but the number of atretic follicles at each stage was significantly greater in the progesterone-treated group (P < 0 025). These differences can be illustrated by the mean percentages of atretic follicles, which clearly showed an excess of atresia in the treatment group; in some cases the differences were more than twofold (Fig. 4) . Fig. 4 . Percentages of follicles at three stages of development that were atretic in pro-oestrous cyclic mice and in anovulatory mice treated with progesterone implants ( ); normal (D) and sham (S) controls. Vertical bars indicate the mean ± s.e.m.
Discussion
This study was based on the assumption that implants of crystalline progesterone maintain a steady ovulatory state, as has been known for many years (Robson, 1938) . The implants of progesterone were effective at blocking ovulation and producing circulating concentrations of progesterone com¬ parable with those of early pseudopregnancy and pregnancy in mice (McCormack & Greenwald, 1974; Murr et ai, 1974) . The follicular physiology in the hormone-treated animals is expected to differ, however, because of the absence of both active corpora lutea and gonadotrophic hormones from the placenta/decidua.
Few studies have examined the behaviour of primordial and preantral follicles under anovulatory conditions. This is surprising in view of the attention paid to other aspects of pregnancy physiology and general interest in the effect of steroid contraception on pathogenesis. Studies carried out on pregnant rats have shown that only small preantral follicles are present throughout pregnancy and pseudopregnancy; only at the end of pregnancy do large follicles emerge (Greenwald, 1966) . Evidence of inhibitory effects of exogenous progesterone on follicular development has been obtained in a number of species, e.g. rats (Buffler & Roser, 1974) , hamsters (Greenwald, 1977) and rhesus monkey (Goodman & Hodgen, 1977) ; progesterone may have direct effects on follicular development (Moore & Greenwald, 1974; Schrieber et ai, 1980) , but it does not necessarily follow that this is the hormone responsible for effects on follicles during pregnancy.
Some studies have looked at antral follicles during pregnancy (Greenwald & Choudary, 1969 ), but only one investigation of follicle dynamics in pregnant mice has been carried out and this used the labelled mitosis technique (Pedersen & Peters, 1971 ). The results showed that follicles grew at similar rates to those in non-pregnant animals, but the rate of entry of follicles from the primordial pool to the growing stages was reduced. To what extent the differences between this result and the present study can be attributed to the different physiological conditions remains conjectural.
The model obtained from the present study gives a holistic impression of the dynamics of follicles since it encompasses both follicle growth and death. The compartmental model shows that the growth and death rates at all stages of follicular development have been affected by progesterone treatment. The most striking finding of this study was the increased movement of preantral follicles from stage to stage during treatment. The larger numbers of growing follicles did not all emerge as antral types, but terminated development as large solid follicles. This interpret¬ ation by the model is evident from the abrupt fall in numbers of follicles at the beginning of treatment (Fig. 1 ). An alternative hypothesis to explain this fall, that follicles were dying in large numbers at earlier stages, is not supported by observations. The rate of initiation of follicle growth (i.e. I-II) more than doubled, but this was presumably of limited duration since there was no evidence to suggest that treated animals were deficient in primordial follicles later (E. Telfer, unpublished observations). There is evidence that in rabbits small follicles accumulate during pregnancy and progesterone implant treatment (Setty & Mills, 1987) , which, although implying different dynamics in this species, confirms that progesterone affects preantral follicles. Indeed, progesterone has a stimulatory effect in vitro on ovarian cells from immature mice (Kent, 1973) .
Studies of follicle dynamics in mouse ovaries anovulatory as a result of hypophysectomy, absence of gonadotrophin-releasing hormone (hpg mutant) and immaturity have all found that rates of preantral follicle growth are greater than normal (Faddy et ai, 1976 (Faddy et ai, , 1983 (Faddy et ai, , 1987 Halpin et ai, 1986) . Whether a feedback relationship exists between large preovulatory follicles in cyclic mice or large moribund follicles in anovulatory ovaries, on the one hand, and recruitment from the small follicle reserve, on the other, is a hypothesis which warrants experimental testing. Since the pulsatile release of pituitary FSH concentrations is reduced in pregnancy as a result of inhibition by steroid hormones, it would appear unlikely that this is the effector of accelerated growth of small follicles. The existence of hypothetical feedback would ensure continuing replenishment of follicle recruits such that rapid resumption of ovulation could occur when inhibitory influences, such as lactation or pregnancy, end.
In contrast to the rapid movement of small follicles, the model predicts an increased death rate of stage IV follicles, which counteracts the increased growth of earlier stages. Although ovulation was blocked, follicles still proceeded to form an antrum, but the rate was considerably more sluggish. Clearly, there is a problem when comparing numbers of large follicles in anovulatory animals and others having cyclic variation, but comparisons made for preantral follicles need have no regard for this factor (Numazawa & Kawashima, 1982) . All large follicles in progesteronetreated animals succumbed to atresia. The incidence of atresia as determined by morphological criteria was greater in the treatment group and is probably a result of low concentrations of gonadotrophins. Persistence and accumulation of atretic follicles in pregnant and pseudopregnant rats (Osman, 1985 (Osman, , 1986 might explain the substantial increase in atresia noted at stage V+ in progesterone-treated mice.
This study found effects of suppression of ovulation by progesterone on all stages of follicular development, including primordial. Further study is required to determine at which stages, if any, these effects are direct. It is unlikely that progesterone acts directly on the primordial population to increase the initiation of growth, but this increase may be related to the effects on the large follicles.
